Summary. This study aims to clarify the short-and long-term effects of the iron concentration in the medium on androgenesis induced in barley by isolated microspore culture. The ultrastructural features and pectin composition of the intine wall were studied in the initial stages of androgenesis. The evolution of electron-dense iron deposits on the intine was analysed in multicellular pollen grains obtained by isolated microspore culture performed for 3, 6, and 9 days using various concentrations of FeNa 2 EDTA. Finally, the number of embryo-like structures and green plants obtained by microspore culture using different Fe concentrations was evaluated in order to estimate the optimum concentration for isolated microspore culture.
Introduction
Pollen embryos have been produced by the culture of anthers or isolated microspores from a considerable number of plant species, including both monocots and dicots. The frequency of induced microspores depends to a large extent on an adequate combination of the components in the medium, stress pretreatment, environment, and genotype (Ferrie et al. 1995 , Kasha et al. 1990 ). Cereals provide a lower response in in vitro haploid production compared to dicot crops. Barley (Hordeum vulgare L.), in particular the responsive cultivar Igri, is one of the cereals with which it is possible to induce the formation of haploid embryos by both methods with reasonably high efficiency (Kasha et al. 1990 ). Due to its economic importance, the production of barley haploid embryos by androgenesis has been extensively studied, mainly in terms of plant regeneration after anther and isolated-microspore cultures (Castillo et al. 2000 , Kasha et al. 1990 . Recently, using a cellular approach, we have found an ultrastructural difference in the embryogenic pollen grains obtained by these two methods, i.e., the presence of inclusions on the intine pollen wall in embryogenic grains obtained from isolated-microspore culture. Using X-ray microanalysis, we have shown that these inclusions contain iron (Pulido et al. 2005) . In this paper, we demonstrate that the iron in the inclusions originates from the FeNa 2 EDTA added to the culture medium. We postulate that the accumulation of Fe in these deposits may well prevent any possible toxic excess during microspore embryogenesis. Iron may be accumulated as phosphate or form complexes with silicon (Pulido et al. 2005) . Franco et al. (2002) have reported that ions of various metals can bind to pectins, thus allowing them to be transported through the cell wall into the cytoplasm. Our previous studies on the distribution of pectins in embryogenic barley pollen grains obtained by anther culture have shown that the intine composition of these grains is not homogeneous. Low methyl-esterified pectins are located on the external part of this wall (Pulido et al. 2002) , exactly where Fe deposits are accumulated. For this reason, we have investigated the distribution of both low and highly methyl-esterified pectins in isolated-microspore cultures with two monoclonal antibodies (Knox et al. 1990 ). Our study was focused on the initial stages of androgenic development, during which the pollen wall is still present. To clarify the long-term influence of Fe in androgenesis, we evaluated the number of embryo-like structures and green plants obtained after culturing with different Fe concentrations in the medium.
Material and methods

Microspore culture
Barley plants (Hordeum vulgare L.) of the winter cultivar Igri were cultured under controlled conditions (Pulido et al. 2005) . Androgenesis was induced in isolated-microspore culture according to the protocol of Olsen (1991) . Aseptically dissected anthers were pretreated with 0.3 M mannitol in the dark for 3 days. The microspores were then isolated by blending and after maltose centrifugation they were cultured in maltoserich medium containing 40 mg of FeNa 2 EDTA per litre. After culturing for 3, 6, and 9 days samples were taken and fixed for transmission electron microscopy (TEM) studies. Fe concentrations of 0.015ϫ, 0.5ϫ, 0.75ϫ, lϫ, 2.5ϫ, 9ϫ, which correspond to 0.6, 20, 30, 40, 100, and 360 mg of FeNa 2 EDTA per litre respectively (lϫ Fe being the initial concentration of FeNa 2 EDTA at 40 mg/litre), were also added to the medium and samples were processed for electron microscopy after 6 days of culture.
Preparation of samples for electron microscopy
The samples were fixed in 4% (w/v) paraformaldehyde and 0.25% (v/v) glutaraldehyde in phosphate-buffered saline (PBS) buffer for 4 h at 4°C. After being immobilised in 1% agarose, the isolated microspores were washed in PBS, dehydrated in an ethanol series, and embedded in B Multicellular pollen grain after 6 days of culture; note the electron-dense Fe deposits on the external layer of the intine (arrows). C Multicellular pollen grain after 9 days of culture; electron-dense Fe deposits are present on the intine (arrows) even when the microspore cell wall starts to disintegrate. D and E Multicellular pollen grains obtained after 6 days of culture using media with different Fe concentrations. D FeNa 2 EDTA concentration, 0.75ϫ (lϫ is 40 mg/litre); no deposits are visible on the intine. E FeNa 2 EDTA concentration, 9ϫ; numerous electron-dense Fe deposits are present on the intine (arrows). Ex Exine, In intine. Bars: 1 m Unicryl (British BioCell International, Cardiff, U.K.) polymerised at Ϫ20°C under ultraviolet irradiation. Ultrathin sections were either stained with 5% uranyl acetate for later study or used for pectin inmunolocalisation.
Pectin localisation
Ultrathin sections were treated essentially as described in Pulido et al. (2002) . After blocking with 5% bovine serum albumin in PBS for 1 h, the grids were washed and incubated with JIM5 and JIM7 monoclonal antibodies (Dr. K. Roberts, John Innes Centre, U.K.) (1:5) in 0.1% bovine serum albumin in PBS for 3 h at 25°C. After washing, they were incubated for 3 h at 25°C with anti-rat immunoglobulin G conjugated to 15 nm diameter gold particles (BioCell), and after a final wash in PBS and water, they were stained with 5% uranyl acetate in water and examined under a Zeiss EM10 microscope.
Evaluation of embryo-like structures and green plants
The number of embryo-like structures and green plants per 100 anthers after isolated-microspore culture using different Fe concentrations (0.015ϫ, 0.5ϫ, 0.75ϫ, 1ϫ, 2.5ϫ, 9ϫ) was determined in 4 independent experiments for each concentration. Embryo-like structures of at least 1 mm were counted after 4 weeks of culture.
Results
Influence of iron on intine evolution during early stages of androgenesis: Fe deposits
The evolution of iron deposits on the intine of the multicellular pollen grains produced during the initial stages of androgenesis was studied 3, 6, and 9 days after culturing using a medium containing 40 mg of FeNa 2 EDTA per litre. Vacuolated microspores before microspore culture and microspores immediately after mannitol pretreatment were analysed and no deposits on the intine were observed (Fig. 1A) . Electrondense deposits were visible in the enlarged intine in all multicellular pollen grains when the pollen wall was still present irrespective of the length of the culture (3, 6, and 9 days) (Fig. 1B, C) .
To test the influence of the Fe concentration on isolatedmicrospore cultures, different concentrations of Fe were applied and after 6 days of culture the ultrastructure of the multicellular grains was studied (Fig. 1D, E) . No electrondense deposits were obtained with concentrations lower than 40 mg/litre (Fig. 1D) , whilst electron-dense deposits were always observed with Fe concentrations greater than that (Fig. 1E) .
Influence of Fe on intine evolution during early stages of androgenesis: pectin distribution
Pectin distribution was studied using two monoclonal antibodies: JIM5, which reacts with low methyl-esterified pectins, and JIM7, which recognises highly esterified pectins. The pectins were immunolocalised in sections of multicellular pollen grains from 3-, 6-, and 9-day isolatedmicrospore cultures in which the FeNa 2 EDTA concentration was 40 mg/litre.
The analysis of the immunogold labelling with these antibodies in isolated-microspore cultures showed that after incubation with JIM5 the gold particles were preferentially located on the outer area of the intine, where electron-dense deposits were found ( Fig. 2A) . After incubation with JIM7 the gold particles were distributed over the whole intine (Fig. 2B) irrespective of the length of the culture.
Multicellular structures, embryo-like structures, and green plants after different Fe concentrations
To study the long-term influence of the Fe concentration on androgenic production, we analysed the structures ob- Fig. 2 A, B. Immunogold labelling of pectins in multicellular pollen grains obtained after 6 days of culture. Ultrathin sections stained with uranyl acetate. A Localisation of low methyl-esterified pectins by JIM5 antibody; gold particles (arrows) are found on the external part of the intine, not colocalising with the electron-dense Fe deposits (encircled with white lines). B Immunogold labelling of highly esterified pectins by JIM7 antibody; labelling randomly distributed through the intine (arrows), not colocalising with the electron-dense Fe deposits (encircled with white lines). Ex Exine, In intine. Bars: 1 m tained with different Fe concentrations in the culture medium. Clear differences were observed in the results obtained after 15 days of culture when different Fe concentrations were applied (0.015ϫ, 0.5ϫ, 0.75ϫ, lϫ, 2.5ϫ, 9ϫ) (Fig. 3A-F) . Structures larger than 30-40 m were not seen when 0.015ϫ and 9ϫ Fe concentrations were applied (Fig. 3A, F) . Microspore-derived structures obtained with other concentrations were similar in shape and size but their number was different (Fig. 3B-E ). Differences were also to be found in regenerated plants with the same Fe concentrations (Fig. 3G-J) . When 0.015ϫ and 9ϫ Fe concentrations were applied, no plants were regenerated (not shown).
To further evaluate these changes, the number of embryolike structures obtained per 100 anthers was estimated after 4 weeks of culture (Fig. 4A) . By this time the multicellular structures, which developed properly, were big enough (1 mm or larger) to be plated and counted. Embryo-like structures were not obtained when the lowest and highest concentrations (0.015ϫ and 9ϫ Fe) were used (Fig. 4A) . Treatments with 0.5ϫ and 0.75ϫ Fe concentrations resulted in a higher number of embryo-like structures than when a concentration of 1ϫ Fe was used, this difference being significant at P ϭ 0.1 for the 0.75ϫ but not for the 0.5ϫ Fe concentration (Fig. 4A) .
The number of plants regenerated per 100 anthers was counted after 60 days of culture, when the plants were big enough (Fig. 4B) . When 0.015ϫ and 9ϫ Fe concentrations were applied, no plants were regenerated (Fig. 4B) . The highest number of green plants was obtained at 0.75ϫ and lϫ Fe concentrations, between which there was no significant difference. 
Discussion
Our results reveal the marked short-and long-term influence of the iron concentrations in the culture medium on the isolated microspores used for the induction of androgenesis. This influence can be summarised basically as the formation of Fe deposits on the intine from the very early stages of multicellular pollen grain formation when the Fe concentration is higher than 0.75 times the 40 mg/litre concentration of FeNa 2 EDTA originally used. After longer culture periods, the number of embryo-like structures obtained after applying Fe concentrations higher than 0.75ϫ decreased, while the number of green plants regenerated continued to increase up to the original concentration of Fe. These observations seem to indicate that lower concentrations of Fe favoured the production of embryo-like structures, while they did not favour green-plant regeneration, which agrees with Chen's (1986) conclusions.
Our analysis of the evolution of the intine in multicellular pollen grains revealed that the deposits were present on the enlarged intine even when the exine started to disintegrate. Due to the presence of P and Si in the electron-dense Fe deposits on the intine, detected by X-ray microanalysis in a previous work (Pulido et al. 2005) , we believe that iron may accumulate on the intine as phosphate or associated with silicon. We also explored another possibility in this work both on the basis of the location of the Fe deposits on the intine and on the results described in a previous paper studying pectin distribution on the cell wall. We found that in the multicellular pollen grains obtained in anther culture, JIM5 epitopes (low esterified pectins) were located mainly on the outer region of the intine, where the Fe deposits were observed (Pulido et al. 2002) . It is known that low and nonesterified pectins have a high affinity for metallic cations, especially for iron (Franco et al. 2002) . After the immunolocalisation of pectins in multicellular pollen grains obtained by isolated-microspore culture we have demonstrated that low esterified pectins were located on the outer region of the intine, whilst highly esterified pectins were distributed at random on the intine, as they were in anther culture. Although low esterified pectins and electron-dense Fe deposits are located in the same external area of the intine, they do not seem to interact. Furthermore, the number of gold particles indicating the presence of low esterified pectins did not seem to be altered by the presence of the electron-dense Fe deposits when the results were compared to those achieved in anther cultures (Pulido et al. 2002) .
The interaction between Fe and pectins might alter pectin activity, affecting functions of the cell wall such as extensibility, porosity, and enzyme activities, as has been described in the case of the interaction between pectins and Al (Schmohl and Horst 2000) . In isolated-microspore cultures, Fe and pectins do not seem to interact (Fig. 1D, E) , suggesting that pectin functions are not altered by the presence of the Fe deposits. This fact, together with the observation that the number of green plants does not seem to be greatly affected when 40 mg of iron per litre is used, indicates that the cell wall plays a protective role against an excess of Fe in the medium, a role that has also been described for toxic elements such as Cd, Zn, and Ni (Krämer et al. 2000 , Küpper et al. 2000 .
Finally, the long-term influence of iron in the culture medium of barley microspores, evaluated by counting the number of embryo-like structures and green plants obtained with different concentrations of this element, clearly showed that iron has a long-term influence on androgenesis. Taking into account all the data, it can be concluded that the optimum iron concentration in the culture medium for isolated microspores induced by mannitol 
